Bacterial genome sequencing has led to the development of new approaches for the analysis of food-borne epidemics and the exploration of the relatedness of outbreak-associated isolates and their separation from nonassociated isolates. Using Illumina technology, we sequenced a total of six isolates (two from patients, two from raw bulk milk, and two from dairy cattle) associated with a milk-borne Campylobacter jejuni outbreak in a farming family and compared their genomes. These isolates had identical pulsed-field gel electrophoresis (PFGE) types, and their multilocus sequence typing (MLST) type was ST-50. We used the Ma_1 isolate (milk) as the reference, and its genome was assembled and tentatively ordered using the C. jejuni NCTC 11168 genome as the scaffold. Using whole-genome MLST (wgMLST), we identified a total of three single-nucleotide polymorphisms (SNPs) and differences in poly(G or C) or poly(A or T) tracts in 12 loci among the isolates. Several new alleles not present in the database were detected. In contrast, the sequences of the unassociated C. jejuni strains P14 and 1-12S (both ST-50) differed by 420 to 454 alleles from the epidemic-associated isolates. We found that the fecal contamination of bulk tank milk occurred by highly related sequence variants of C. jejuni, which are reflected as SNPs and differences in the length of the poly(A or T) tracts. Poly(G or C) tracts are reversibly variable and are thus unstable markers for comparison. Further, unrelated strains of ST-50 were clearly separated from the outbreak-associated isolates, indicating that wgMLST is an excellent tool for analysis. In addition, other useful data related to the genes and genetic systems of the isolates were obtained.
C
ampylobacter jejuni is the most common cause of bacterial gastrointestinal infections in the developed world, including Europe. In 2011, a total of 220,209 Campylobacter infections were reported in the European Union countries (1) . In Finland, a total of 4,200 Campylobacter infections were registered in 2013 (see http://www3.thl.fi/stat), making it the most common cause of bacterial gastrointestinal infections (70 cases per 100,000 inhabitants). The transmission of this disease is mostly through food or water, but the sources of infections remain mostly unrecognized because most cases are registered from single patients. However, epidemiological studies performed in different countries have shown that eating and handling of chickens are important risk factors for the acquisition of the illness (2, 3) . Epidemics associated with drinking unpasteurized milk are frequently reported (4) . Small epidemics spreading within farming families caused by drinking raw milk originating from their own farm also occur frequently (5, 6) . During the past few years, despite the confirmed scientific data regarding pathogens in raw milk and the public health benefits of pasteurization, certain groups of people concerned with the alleged benefits of the consumption of raw milk and the purported disadvantages of pasteurization have started to drink larger amounts of raw unpasteurized milk (5, 6 ). An increased number of milk-borne Campylobacter outbreaks associated with the controlled commercial sale of raw milk have been reported, e.g., in the United States (7) .
A large database (see http://pubmlst.org/campylobacter) of multilocus sequence typing (MLST) types of C. jejuni isolates from different geographical areas, animal hosts, and human patients has been accumulated, and this database shows the wide genetic diversity among the species found represented as an increasing number of MLST types (8) . A recent comparative study on the association of MLST types and whole-genome sequences (WGS) revealed that the MLST type predicts rather well the genome-level relatedness of C. jejuni isolates (9) .
Genomic epidemiology has been increasingly applied to the study of epidemic-associated clonal variants of infectious agents to separate them from other related isolates (10, 11) . This field combines traditional epidemiological methods with genome sequence similarity analysis of bacterial isolates from patients and their potential reservoirs associated with different times and places. The use of next-generation sequencing (NGS) technology for WGS allows for the sequencing of large numbers of isolates, and novel bioinformatics tools can be used for comparative genomics and analysis of the phylogeny of the isolates. This approach was extensively applied, e.g., during the large multistate Escherichia coli O104:H4 epidemic (12) . WGS will change the way we compare isolates because it allows for the analysis of all potential diversities and enables the detection of novelties associated with genome synteny, sequences, single genes, and polymorphisms between the isolates, as well as potential changes in the genomes that occur during infection (10, 13) . We recently found that only a few single-nucleotide polymorphisms (SNPs) are detected in C. jejuni after its intestinal passage through an infected patient (13) . However, there is limited knowledge regarding how to interpret the results of WGS and comparative genomics of outbreak-associated C. jejuni isolates and how to combine them with other epidemiological data (i.e., differences in SNPs and homopolymeric tracts in contingency genes).
The aim of the present study was to apply WGS and comparative genomics to six C. jejuni milk-borne outbreak-associated isolates (6) in order to determine the sequence-level similarities of the epidemiologically and genotypically linked isolates from patients, raw milk (which has been shown to be the source of the infection), and two dairy cows suspected to be the source of the fecal contamination of the raw milk. Our hypothesis was that the comparison of the genomes of highly related and unrelated C. jejuni isolates will produce data that can be used for the interpretation of the results of future genomic epidemiology studies.
MATERIALS AND METHODS
Bacterial strains and DNA isolation. A total of six milk-borne outbreakassociated C. jejuni isolates were selected for whole-genome sequencing. These were obtained from two patients (Po_1 and Po_2) on 16 December 2002, two bulk milk tank samples from the farm (Ma_1 and Ma_B) on 16 December 2002 and 8 January 2003, and two dairy cows from the farm (Le_204R and Le_755) on 18 February 2003, as described previously (6) . The isolates were retrieved during a long-lasting milk-borne outbreak that started in August 2002 and lasted until December 2002, during which the outbreak affected a total of six members of a farming family. All of the isolates had identical pulsed-field gel electrophoresis (PFGE) profiles with both SmaI and KpnI restriction enzymes, and their MLST type was ST-50 (ST-21 clonal complex) (6) . A hen C. jejuni 1_12S strain was used as an unrelated control strain (ST-50). The genomic DNA for genome sequencing was isolated using the Wizard genomic DNA purification kit (Promega, Germany), following the manufacturer's instructions.
Genome sequencing, assembly, and annotation. The genome sequence of C. jejuni strain Ma_1 was obtained using Illumina sequencing technology with 100 cycles of paired-end reads, whereas the genomic sequences of the five remaining isolates and the strain 1_12S were obtained by Illumina HiSeq single-end reads. The assembly and annotation were performed as previously described (13) . Briefly, the Illumina reads were trimmed using the ConDeTri Perl script (14) with the default settings and a minimum read length of 75 nucleotides. All of the reads were assembled separately using ABySS (15) . Additionally, the contigs of C. jejuni Ma_1 were reordered using Mauve analysis with C. jejuni NCTC 11168 as the reference genome. The primary annotation was performed through rapid annotation using subsystem technology (RAST) (16) , and the later sequences were manually curated using Artemis. The prophages/integrated elements were searched for in the genomes using IslandViewer (17) and manually inspected.
Whole-genome MLST. The reference allele sequences of 1,738 loci for whole-genome MLST (wgMLST) analysis were downloaded from the PubMLST website (see http://pubmlst.org/campylobacter) (8, 11) . A new allele number was assigned to the sequence if it had at least a 1-bp difference compared with any sequences in the downloaded reference allele sequences, as determined through BLASTϩ 2.2.24 (18) . All of the truncated and missing loci were excluded from the analysis. The allelic profile data of the commonly shared loci were transformed to a distance matrix (11) , and the phylogenetic networks of the isolates were computed based on the Neighbor-Net algorithm using SplitsTree4 (19) . As unrelated control genomes for ST-50, C. jejuni strain PT14 (20) and a Finnish hen strain, 1_12S, were used.
Verification of SNPs and A/T tract differences. We used PCR and Sanger sequencing for the confirmation of certain allele differences. The primers used for amplification and sequencing can be found in Table S1 in the supplemental material.
Genome sequence accession numbers. The genome sequences of C. jejuni strain Ma_1 and the other 6 isolates were submitted to the ENA database under the study accession number PRJEB5994. Their sample accession numbers are ERS452492 (1_12S), ERS452491 (Po_2), ERS452490 (Po_1), ERS452489 (Ma_B), ERS452449 (Le_755), ERS452426 (Le_204R), and ERS452422 (Ma_1).
RESULTS
Genomic features of C. jejuni strain Ma_1. The sequence data were assembled into 58 contigs, which were later tentatively ordered using the C. jejuni NCTC 11168 genome as the scaffold. The assembled genome is composed of a circular chromosome of 1,653,051 bp and includes 1,662 putative protein-coding genes or open reading frames (ORFs). No plasmids or complete integrated elements were detected, as in C. jejuni strain RM1221 (21) .
General features of the outbreak-associated isolates. The six milk-borne outbreak-associated isolates studied were susceptible to both erythromycin and ciprofloxacin (6) but resistant to tetracycline (MIC, 32 mg/liter). All of the isolates had the tet(O) gene (22) located in the chromosome inserted into the homolog of Cj0733, thereby disrupting the sequence. All of the outbreak-associated isolates harbored an identical CRISPR (clustered regularly interspaced short palindromic repeats)-Cas system with four repeat regions and three spacers. The CRISPR-associated gene csn1 was fragmented in Ma_1 but intact in PT14 (20) .
Whole-genome MLST. Among the 1,738 studied loci, 1,404 loci were shared between the six outbreak-associated isolates and the control strains PT14 and 1_12S. The number of allele differences between the outbreak-associated isolates and the non-outbreak-associated strains was in the range of 420 to 454 ( Fig. 1 ; see Table S2 in the supplemental material). The six outbreak-associated isolates shared 1,432 common loci, and 1,417 of these were identical (see Table S3 in the supplemental material). Several new alleles that are not present among the alleles in the PubMLST database were found among the isolates (Table 1) . A total of 15 loci exhibited differences among the isolates; eight of these were different due to the changes in the homopolymeric tract lengths (G or C), five were associated with A or T tract length differences, and three were different due to point mutations (SNPs) ( Table 1; see  Table S3 in the supplemental material). The closest isolates were the milk (Ma_1) and the patient Po_2 isolates (two allele differences). Cattle fecal isolate Le_755 differed by four alleles from Ma_1. The maximum 12-locus difference was found between Po_1 and Le_204R ( Fig. 1; see Table S3 ). Three SNPs and five A or T tract differences were confirmed by PCR and sequence analysis.
DISCUSSION
C. jejuni strains belonging to the ST-21 complex are regarded as generalists because they can colonize a multiplicity of hosts and because they are one of the most common clonal complexes that infect humans (2, 11, 23) . A previous genomic study of ST-21 strains (the same clonal complex as ST-50) revealed an overall conservation of the genome synteny for this clonal complex, even though some interstrain diversity was observed (23) . In a recent study, Cody et al. (11) compared WGS data from 10 human patient ST-50 isolates and found that most of them were highly divergent (Ն300 loci were different) and that some strains were highly related (differed by six loci). To reveal the genomic relatedness of the milk-borne outbreak-associated isolates, all six genomes were compared by Neighbor-Net using the genomes of C. jejuni PT14 (ST-50) and the Finnish hen isolate 1_12S (ST-50) as nonassociated control strains for the outbreak-associated isolates. This analysis showed that the epidemic-associated isolates differed by a maximum of 12 loci from each other but by several hundreds of alleles from the two unrelated strains of the same ST. We further found that several alleles of our C. jejuni isolates were novel (i.e., not previously present in the wgMLST database), even though this database contains WGS data from a total of 172 ST-50 isolates (see http://pubmlst.org/campylobacter). Most of the isolates included in the database were obtained from human patients in Oxford, United Kingdom (11) . Further studies are warranted to determine whether these allele differences are explained by the geographyassociated microevolution of C. jejuni. We also analyzed which genetic changes explain the allele differences between the isolates. Only three of the differences were caused by mutations in three loci, and 12 were associated with changes in the length of homopolymeric tracts (G or C and A or T). For example, Po_2 and Ma_1 had differences in only two loci [both were poly(G) tracts], and Ma_1 and Ma_B differed by three loci [all poly(G) tracts]. In addition, Le_755 was more similar to Ma_1 than to Le_204R, and Le_755 differed from Le_204R by nine alleles [two SNPs and seven poly(G or C) or poly(A or T) tract lengths]. The G/C homopolymeric tracts in C. jejuni are located in contingency genes, and these genes are often phase variable. Furthermore, phase-variable genes are usually located in regions encoding bacterial surface-associated structures, mainly lipooligosaccharide (LOS), flagella, and capsule regions (24) . Moreover, all of the outbreak-associated isolates presented variation among the loci from these regions. For example, homologs of the loci CAMP1214, CAMP1242, CAMP1243, and CAMP1258 are located in NCTC 11168 in the flagella region. In our previous study on accidental C. jejuni infection, we also found homopolymeric tract changes in some of these loci after passage through a human patient (13) . The homolog of CAMP1331 (Cj1420) is a methyltransferase located in the capsule locus. CAMP0157 is a homolog of Cj0170, and this gene was recently shown to be phase variable and associated with motility and colonization success in mice (25) . CAMP0031 is a homolog of Cj0031, which is also known to be a contingency gene in C. jejuni. Similarly, CAMP0631 is a homolog of Cj0685c, which regulates the surface-associated invasion gene cipA (26) , and CAMP0935 (a homolog of Cj1012c) encodes a hypothetical membrane protein. SNPs were found in three loci that regulate potassium transport, phosphate permease, and energy taxis. SNP differences were identified between the fecal isolates from two dairy cattle. It appears highly evident that the mutation-associated diversity detected among the outbreak-associated isolates was developed in cattle and may be explained by the rather persistent and long-lasting colonization of dairy cattle by C. jejuni (27) , which supports opportunities for the accumulation of mutations.
Our results reveal a high level of genome sequence similarity (based on 1,432 shared loci) among the outbreak-associated isolates from the feces of dairy cattle, contaminated milk, and patients, as assessed by wgMLST. Our findings are concordant with the results of other studies performed on C. jejuni isolates from infected patients and analyzed over a short period (11, 13) . For example, Cody et al. (11) showed that two C. jejuni isolates from a patient that were cultivated in the morning and evening on the same day had differences in six loci. Furthermore, through a previous study of the genomes of C. jejuni from an infected patient, we found only a few SNPs after human passage (13) . In addition, previous experimental animal infection studies found only a few SNPs and changes in the homopolymeric tracts (28), further confirming that the genomic data of the outbreak-related C. jejuni isolates represent diversity originating from the original contamination source.
The observations reported by Cody et al. (11) suggest a criterion of a 20-locus difference as a cutoff value, below which possible clusters can be investigated for the study of clinically and epidemiologically related C. jejuni isolates without detailed knowledge of their epidemiological association. However, their analysis of allele differences between highly related isolates in their clusters 1 and 2 also showed only three or four polymorphisms, respectively (11) , which is in agreement with our results on C. jejuni isolates that are known to originate from an epidemic cluster.
As shown in our results, the analytical tool of the Bacterial Isolate Genome Sequence Database (BIGSdb) accounts for both SNPs and differences in poly(G or C) and poly(A or T) tracts. A total of five loci that were identified as different between the isolates contained A-tract length variations, which is not well characterized in C. jejuni. All but one (CAMP0935) of the A/T tracks resulted in truncation of the genes. The poly(G) tracts within the reading frames of the genes in C. jejuni are unstable and lead to frequent, stochastic, and reversible changes in the length of repeats (24) . The numbers of contingency genes among the different C. jejuni strains that have been analyzed to date appear to vary from 29 in NCTC 11168 to 17 in NCTC 81116 (24) . Some novel contingency genes may be detected after additional genomic data become available. When we just consider SNPs as the stable differences between the isolates, the studied isolates differ in only three loci.
In conclusion, the real-time analysis of WGS data produced through NGS technology from epidemic-associated C. jejuni isolates requires common data analysis tools, such as those available at the PubMLST website (http://pubmlst.org/campylobacter), as well as a reference sequence(s) of an unrelated isolate(s) from the same ST. The identification of polymorphic loci requires the differentiation of SNPs and changes associated with differing lengths in G/C homopolymeric tracts. The outbreak-associated isolates appear to differ by only a few SNPs. Further collection of data on outbreaks is required to establish a criterion for the cutoff value for locus differences and for the assessment of the role of homopolymeric tracts in outbreak-associated isolates. Our findings on the similarity of the location of the tet(O) gene and the identity of the CRISPR system genes among the outbreak-associated isolates further support the advantages of genome-level analysis, which also results in the accumulation of data on genes and genetic systems among the isolates that will improve our understanding of the ecology of the isolates.
